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We study indirect detection signals from solar annihilation of dark matter (DM) particles into
light right-handed (RH) neutrinos with a mass in a 1− 5 GeV range. These RH neutrinos can have
a sufficiently long lifetime to allow them to decay outside the Sun and their delayed decays can
result in a signal in gamma rays from the otherwise ‘dark’ solar direction, and also a neutrino signal
that is not suppressed by the interactions with solar medium. We find that the latest Fermi-LAT
and IceCube results place limits on the gamma ray and neutrino signals, respectively. Combined
photon and neutrino bounds can constrain the spin-independent DM-nucleon elastic scattering cross
section better than direct detection experiments for DM masses from 200 GeV up to several TeV.
The bounds on spin-dependent scattering are also much tighter than the strongest limits from direct
detection experiments.
I. INTRODUCTION
Signals from dark matter (DM) annihilations inside
the Sun [1] have been extensively studied in the context
of DM indirect detection searches. DM particles, upon
scattering off solar medium, can become gravitationally
trapped and start annihilating into standard model (SM)
particles after their numbers build up at the center of
the Sun. Neutrinos thus produced can escape from the
Sun and those with energies above weak scale can be de-
tected by active Cherenkov detectors like IceCube [5] and
Antares [2]. Low-energy neutrinos from stopped pions-
may also be used as a probe of DM annihilation inside the
Sun [3]. Provided that equilibrium between the capture
and annihilation of DM particles inside the Sun is estab-
lished, the flux of neutrinos is determined by the capture
rate [4]. It can therefore be used to constrain the DM-
nucleon elastic scattering cross section. The bounds thus
set are much tighter than those form direct detection ex-
periments for spin-dependent (SD) interactions [5], while
for spin-independent (SI) interactions direct detection ex-
periments, like LUX [6] and PandaX [7], often set much
stronger limits.
DM annihilation inside the Sun may also result in a
photon signal in case that it produces relatively long-
lived intermediates states that can escape from the Sun
before decaying. Such a scenario can arise in various new
physics models, with the dark photon [8], secluded [9],
inelastic [10], boosted [11], portal [12] DM models as ex-
amples. Since the solar direction is dark in high energy
cosmic gamma rays, any photonic signal in that direction
offers a stringent constraint.
DM particles may annihilate to the right-handed (RH)
neutrinos, which in turn decay to the SM particles, at a
significant rate in simple extensions of the SM. A min-
imal and well-motivated example is the supersymmet-
ric extension of the SM that includes a gauged U(1)B−L
symmetry [13] (where B and L are baryon number and
lepton number respectively). Anomaly cancellation then
implies the existence of three RH neutrinos and allows
us to write the Dirac and Majorana mass terms for the
neutrinos to explain the mass and mixing of the light neu-
trinos. This model provides two new DM candidates, the
lightest neutralino in the B−L sector and the lightest RH
sneutrino, both of which may dominantly annihilate into
the RH neutrinos. The decay of these RH neutrinos can
then lead to interesting indirect detection signals [14–16].
RH neutrinos with a mass much below the weak scale
undergo three-body decay via off-shell W and Z bosons
through their small mixing with the left-handed (LH)
neutrinos. For masses in the 1-few GeV range, RH neu-
trinos produced from solar DM annihilation can readily
obtain a long (∼1-10 seconds) lifetime. This implies that
a significant fraction of the RH neutrinos can decay out-
side the Sun, resulting in distinct neutrino and photon
signals compared with the usual scenario where DM an-
nihilation produces SM particles inside the Sun. These
signals can be used to limit the DM-nucleon elastic scat-
tering cross sections. As we will see, the Fermi-LAT and
IceCube data together can constrain the SI cross sections
ar
X
iv
:1
61
2.
03
11
0v
1 
 [h
ep
-p
h]
  9
 D
ec
 20
16
2better than direct detection experiments for DM masses
in the 200 GeV to 5 TeV range.
In this paper, we adopt a model-independent approach
to study the neutrino and photon signals from solar DM
annihilation into long-lived RH neutrinos. In Section II,
we briefly discuss the case for light RH neutrinos. As we
discuss in Section III, depending on its mass, long-lived
RH neutrinos can yield characteristic spectra in the neu-
trino and gamma ray signals. In Section IV, we perform
an analysis of the signals at IceCube and Fermi-LAT and
obtain constraints in the parameter space consisting of
the RH neutrino mass and DM mass. Finally, we con-
clude the paper and discuss future prospects in Section V.
II. LONG-LIVED RIGHT-HANDED
NEUTRINOS
In the simplest case of Type-I seesaw [17], the RH neu-
trino N with an arbitrary Majorana mass MN mix with
the SM neutrinos through a Yukawa term as follows
∆L ⊃ yD(L† · iτ2H)N + h.c., (1)
where we ignore flavor indices for simplicity. After the
Higgs field acquires a vacuum expectation value (vev),
the Yukawa term induces a mixing θ ∼ yDMN v between N
and the LH neutrino ν. We choose the nominal value for
the mixing such that it gives rise to the light neutrino
mass mν :
θ ≈
(
mν
MN
)1/2
. (2)
The mass of each light mass eigenstatemν receives contri-
butions from mixing with the three RH neutrinos. Hence,
for a given RH neutrino, θ may be larger or smaller than
the nominal value in above. In the former case, mix-
ings from different RH neutrinos must cancel out to give
the right value of mν . In the latter case, the other RH
neutrinos should make the main contribution to mν .
Although the magnitude of MN is often assumed to
be much larger than the electroweak scale, some or all
of N ’s can have a mass around or below the electroweak
scale. This, for example, can happen in the split see-
saw scenario [18]. Values of MN around the electroweak
scale are phenomenologically very interesting as they pro-
vide an opportunity for experimental discovery of the RH
neutrinos thereby potentially unveiling the mechanism of
neutrino mass generation. Masses up to 500 GeV are ac-
cessible at the LHC [19], and the prospect would be even
better at a high-energy lepton collider [20].
RH neutrinos with a mass MN < 5 GeV bring in
new possibilities to test them experimentally. They can
be searched for in meson decays at B and K facto-
ries [21], fixed target experiments [22], and the SHiP ex-
periment [23] proposed at CERN. The implications of
such light RH neutrinos for the neutrinoless double-beta
decay have also been studied [24]. Here we focus on RH
neutrinos with a mass in the ∼ 1− 5 GeV range.
Given the eV [25] or sub-eV [26] scale of current neu-
trino mass limits, heavy neutrinos of a GeV scale mass
would imply a nominal mixing θ ∼ 10−6 − 10−5, see
Eq. (2). Since this mixing is generally small, from now
on we use N to denote the heavy mass eigenstate after
the mixing.
N can decay into to SM neutrinos and the Higgs via its
dominant singlet component, as well as SM gauge bosons
and leptons via its small mixing with LH neutrinos. If
MN > mH , the Higgs decay channel will dominate
1. For
mW,Z < MN < mH , the gauge boson channels are domi-
nant. In the case that MN < mW,Z , as we consider here,
three-body decays via off-shell W and Z bosons will be
the main channels2. The N decay is then dominated by
the weak interaction from its SM lepton component, re-
sulting in the following boosted decay width:
ΓN ∝ θ2G2FM5N
MN
MDM
. (3)
Here GFM
5
N is the rest frame decay width (up to a phase
space factor), MN/MDM is due to the Lorentz boost, and
θ is the N − ν mixing. The detailed expression for the
partial widths of leptonic and semi-leptonic decay modes
of N are given in [27]. After using the nominal value for
mixing in Eq. (2), the decay lifetime is found to be:
τN ∝ MDMmν
M5N
. (4)
We discuss the details of calculating τN for light RH
neutrinos in the next Section. In Fig. 1, we show the N
lifetime contours in theMN−MDM plane that correspond
to two characteristics decay lengths: the Sun’s photo-
sphere R ≈ 700, 000 km, and an ‘escape’ R ≈ 200, 000
km for neutrinos with less than TeV energy. RH neutrino
decays outside the photosphere R give rise to a photon
signal. On the other hand, decays happening outside
the 200, 000 km radius R produce neutrinos that prop-
agate largely unaffected by interactions with the solar
medium, while the associated photons are absorbed. We
have checked that neutrinos with energy Eν<∼1 TeV that
are produced at distances larger than this experience less
than 10% attenuation before completely leaving the Sun
(more details on this later on).
The lifetime contours in Fig. 1 are shown for three cases
when N mixes dominantly with one of the νe, νµ, and ντ
flavors according to Eq. (2) where mν ∼ matm ≈ 0.05
eV. The third case (mixing with ντ ) results in a longer
1 Indirect detection signals of DM annihilation to RH neutrinos for
this case have been studied in the context of the supersymmetric
U(1)B−L extension of the SM [14–16].
2 Three-body decays via off-shell Higgs are subdominant due to
small Yukawa couplings of the Higgs to fermions.
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FIG. 1: The characteristic decay length is inside the photo-
sphere (above the solid lines) and is within 200,000 km (above
the dashed lines). The colors red, green, and blue correspond
to the cases when N mixes dominantly with νe, νµ and ντ
respectively. The red and green curves almost coincide.
lifetime because of the phase space suppression of the W -
mediated decay channel to τ . The first two cases (mixing
with νe and νµ) essentially result in the same lifetime as
MN  mµ.
As seen in Fig. 1, boosted lifetimes of 1 to 10 sec-
onds can be readily obtained for MN of few GeV and
MDM ∼ 200 − 5000 GeV. We, however, note that the
rest frame lifetimes are in principle much shorter than 1
second. Since RH neutrinos can be produced with a sig-
nificant abundance in the early universe (and may even
reach thermal equilibrium), this ensures that that their
decay does not pose any threat to big bang nucleosyn-
thesis (BBN).
III. SIGNALS FROM DELAYED DECAYS
We now study the photon and neutrino signals from
solar annihilation of DM into RH neutrinos within the
DM mass range shown in Fig. 13. In order to obtain
the photon and neutrino spectra, we first implement the
ν−N mixing in FeynRules [30] to calculate the major de-
cay modes of light N and their corresponding branching
fractions.
The decay is dominated by weak gauge interaction and
the largest partial width is taken by virtual W chan-
nel, N → lW ∗, where W ∗ splits into either ν and a
charged lepton, or a quark-antiquark pair. N → νZ∗
has a smaller partial width as Z∗ due to larger Z mass.
We list all the significant modes in Table I. Note that for
a light RH neutrino mass, the partial decay widths of N
can be kinematically affected by the mass of final state
3 The photon signal from galactic DM annihilation and from dwarf
spheroidals for heavier N are discussed in [28, 29].
particles. Also, since N is a Majorana fermion, it decays
into a given final state as well as its CP -conjugate final
state at the same rate.
Decay Mode νe mixing case νµ mixing case ντ mixing case
N → l(qq¯′) 44.6% 44.3% 1.7%
N → νl(qq¯) 19.9% 20.1% 53.5%
N → l(νl′ l¯′) 13.1% 13.2% 1.1%
N → lνl l¯ 7.8% 7.6% 0%
N → νl(l′ l¯′) 1.6% 1.7% 8.6%
N → νl(νl′ ν¯l′) 6.5% 6.6% 17.6%
N → νlνlν¯l 6.5% 6.6% 17.6%
TABLE I: Decay channels of a 2.5 GeV RH neutrino via its
mixing with the SM neutrinos. The partial widths are cal-
culated at tree-level. Depending on the mass of N , not all
channels are kinematically allowed. The final column differs
because N does not produce various final states that contain
a τ . The corrections from hadronization of (qq¯) system in the
hadronic modes are not included.
In the three-body decays of N , the SM neutri-
nos/leptons take a significant fraction of the total energy.
The µ, τ leptons in the final state can further decay into
neutrinos. Since N has an energy MDM  MN , the
charged leptons and neutrinos fromN decay acquire large
energy due to the Lorentz boost. Neutrinos and pho-
tons produced from these energetic leptons (also from the
hadronization and shower in semileptonic decays) yield
the high energy neutrino and gamma ray signals for in-
direct searches.
The neutrino signal, due to IceCube detection thresh-
olds and the fact that the neutrino scattering cross sec-
tion increases with energy, receives most of the contribu-
tion from high energy part of the neutrino spectrum. In
our case, the ‘hard’ part of the spectrum is dominated by
the neutrinos that directly emerge from the three-body
decay of N . Secondary neutrino arise from the charged
lepton and pion decays in the final state, but their contri-
bution is subleading due to the much lower energy after
several decay steps. We note that the hard part of the
spectrum is not suppressed for delayed N decays, unlike
the standard scenario where neutrinos from DM annihi-
lation are produced inside the Sun. For DM mass above
few hundred GeV, the neutrino signal can be detected by
IceCube.
The photon signal has two major components: (1) the
charged lepton’s bremsstrahlung radiation that yields a
soft power-law shaped spectrum, and, (2) the neutral
pion decay pi0 → γγ that arises abundantly in final states
with a τ and also directly from the N → νZ∗ decay chan-
nel. The bremsstrahlung contribution is mostly deter-
mined by a logarithmic dependence on the mass of the
leading lepton in energy. As the leading lepton energy
spectrum is universal (at least in the kinematically un-
suppressed case), the bremsstrahlung strength can be di-
rectly inferred from the lepton flavor composition inN−ν
mixings. In general, bremsstrahlung produces far fewer
4energetic photons than pion decay, but dominates the
low energy part of the photon spectrum. This is different
from angular-momentum restricted processes [31] where
energetic internal bremsstrahlung becomes the leading
contribution.
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FIG. 2: The spectra at the production point of νµ’s (top)
and photons (bottom) from delayed decay of RH neutrinos
produced in DM annihilation. In these plots, MDM = 1 TeV
and MN = 2.5 GeV. The spectra are for N mixing with each
of the νe, νµ, and ντ flavors.
The neutral pion contribution needs to be addressed
more carefully. Apart from the usual energy fragmen-
tation in τ decays that is well implemented in analysis
tools, the GeV-scale mass of N itself introduces decay
channels like N → l/ν+ pions, where neutral pions can
arises directly in the hadronic decays of W ∗ and Z∗. De-
pending on the phase space in the hadronization pro-
cess, the qq¯′ system preferably hadronizes into an angu-
lar momentum 1 final state. pi0 can either emerge from a
multi-pion final state, or from the decays of excited spin-
1 states like ρ, at non-trivial branching fractions. The
〈q¯γµq〉 form-factor of the semileptonic final state must be
included and will yield a deviation in the partial decay
width from a tree-level calculation (without hadroniza-
tion), especially at N masses below a few GeV, where
QCD is non-perturbative. However, the hadronization
modes vary with N mass, and a thorough exploration
of the hadronization corrections in N decay would be
beyond the scope of the current paper. In our numer-
ical simulation of the prompt photon spectra, we carry
out a tree-level decay calculation and rely on the string
fragmentation in the PYTHIA8 package8 [32] for the
hadronization process. Since the delayed decays of N
occur in vacuum, we require all unstable particles, in
particular muons and mesons, to fully decay in the final
state. The correction to the semileptonic decay branch-
ing ratio is not included. Noted that the pion multi-
plicity in semileptonic N decays can affect the photon
spectrum, we made a test at mN = mτ , where N de-
cay is kinematically identical to τ decay, and found the
pion multiplicity in semileptonic N decays, in particular
the sub-partition into single pion versus that in ρ me-
son and multi-pion modes, agree very well with those in
τ decay within few percent. Admittedly, for other and
especially lower N masses, the hadronic N decay width
and pi0 multiplicity may have non-negligible corrections.
The results are shown in Fig. 2 where the neutrino and
gamma ray spectra derive from the delayed decay of N
from the annihilation of 1 TeV DM particles. We picked
a benchmark point at MN = 2.5 GeV, above the τ mass
so that the RH N decay into τ is kinematically allowed
for ντ -N mixing cases.
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FIG. 3: The spectra at the detection point of νµ’s (top) and
photons (bottom) from delayed decay of RH neutrinos pro-
duced in DM annihilation. In these plots, MDM = 1 TeV
and MN = 2.5 GeV. For normalization, we assume a total
annihilation inside the Sun to be 1.5× 1019 per second. The
“equal” curves is for the case when N mixing with all of the
ne, νµ and ντ flavors equally. The neutrino background is
atmospheric neutrinos [34]. The shaded region around the
Fermi data shows the uncertainty from Ref. [35].
In the calculation of the signal flux, we make the as-
sumption that the DM capture and annihilation inside
the Sun have reached an equilibrium. For a given σSD
or σSI, we use DarkSUSY [33] to calculate the minimum
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FIG. 4: The 90% C.L. contours for σSD using the Fermi-LAT
limits on the photon signal from solar DM annihilation to light
RH neutrinos. The shaded regions represent the parameter
space where Fermi-LAT constraint on σSD is less stringent
than that from PICO-60 limits [37]. The boosted N decay
length is inside the photosphere above the dashed line. BF
denotes the dark matter annihilation branching fraction into
N pairs.
annihilation rate 〈σv〉 for equilibrium. Fig. 3 illustrates
sample spectra that correspond to σSI = 8.5×10−45 cm2
for MDM = 1 TeV, which saturates the latest LUX
bound [6].
As the N decay occurs between the solar center and the
Earth, and the source intensity decreases exponentially
over distance. The large Lorentz boost along the line-of-
sight forces most of the N decay products to fall along
the forward direction, pointing away from the Sun. Very
soft photons may still deviate away from the line-of-sight
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FIG. 5: Same as Fig. 4 but for σSI. The shaded regions
represent the parameter space where Fermi-LAT constraint
on σSI is less stringent than that from LUX limits [6].
direction. We adopt an half-cone radius cut of 1.5◦ as
given in Fermi-LAT observation on solar disk [35], and
integrate over the decay’s source intensity within. We
have checked this 1.5◦ angular cut sufficiently covers the
angular spread for the photon energy in Fermi-LAT’s ob-
servation range (0.2-200 GeV).
For short boosted lifetime, a fraction of decays may
still happen inside the Sun. For gamma rays we take a
simple cut at the Sun’s photosphere radius R ≈ 700, 000
km, and consider only the decays outside the photosphere
contribute to the signal. However, the situation is more
complicated for the neutrino signal. Since attenuation
of the neutrino flux is energy dependent, the distortion
in the energy spectral shape depends on the DM mass,
the prompt spectral shape, and the distance inside the
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FIG. 6: The 90% C.L. contours for σSD using IceCube limits
on the neutrino signal from solar DM annihilation to light RH
neutrinos. The dashed line now marks when the characteristic
length of the decays is at the 200,000 km cut-off.
solar medium. Due to flavor oscillations, the attenua-
tion effects also differ between different neutrino flavors.
Since our focus is on long-lived N that decays mostly
outside the Sun, we make an approximate cuts-off at
R ≈ 200, 000 km and only include neutrino sources out-
side this radius, where the neutrino fluxes are considered
unattenuated. This selection is based on the fact that at
TeV energies and below, the flux of neutrinos produced
above this distance is suppressed by less than 10% in the
solar medium. This approximation is a reasonable sim-
plification yet it may underestimate the neutrino signal
and leads a more conservative constraint for intermediate
N decay lengths close to the R ≈ 200, 000 km cut-off.
We the calculate the signal spectra for all three flavor-
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FIG. 7: Same as Fig. 6 but for σSI. The shaded regions
represent the parameter space where IceCube constraint on
σSI is less stringent than that from LUX limits [6].
mixing scenarios in ν−N for DM masses between 10 GeV
and 5 TeV. Vacuum oscillation is included for neutrino
propagation to the Earth, where we used SM neutrino pa-
rameters from the latest global fit [36]. See Appendix B
for details. As IceCube has angular sensitivity only for
muon track-events from the charged-current interaction
of νµ’, the different flavor schemes in N − ν mixing can
yield quite different νµ fluxes both at the source and at
the Earth.
A few comments are due on some features in Figs. 2, 3.
First, contrary to what one might expect, it is seen in
Fig. 2 that the N−ντ mixing produces less photons than
the N − νµ and N − νe mixing cases. The reason is that,
as mentioned above, neutral pions that are the dominant
source of photon production mainly arise from N → lW ∗
7decays. However, the N → τW ∗ channel is kinematically
suppressed relative to N → µW ∗ and N → eW ∗ chan-
nels due to the larger value of mτ . On the other hand,
this kinematic suppression also results in a smaller total
decay rate for N in the case N mainly mixes with ντ . The
longer lifetime of N in this case implies a larger number
of decays outside the Sun, and hence a stronger photon
signal as seen in Fig. 3. Second, we observe an oscilla-
tory pattern at energies above few hundred GeV in the
neutrino spectra at energies above few hundred GeV at
the detection point in Fig. 3. This is because at such en-
ergies neutrino vacuum oscillations due to the solar mass
splitting are not averaged out over the ∼ 3, 000, 000 km
variation in the Earth-Sun distance within half a year
(which the IceCube uses to collect data in the direction
of the Sun).
IV. EXPERIMENTAL CONSTRAINTS
Assuming an equilibrium between DM capture and an-
nihilation in the Sun, and using the signal spectra calcu-
lations in the previous section, we derive constraints on
σSI and/or σSD from Fermi-LAT and IceCube limits on
the photon and neutrino signals respectively. For a DM
mass range of 0.2-5 TeV, the Fermi-LAT constraints on
photonic signals are shown in Figs. 4 and 5, and Ice-
Cube’s constraint on signal neutrino fluxes are shown in
Figs. 6 and 7. In each figure, the three panels il-
lustrate exclusive N − νe (upper), N − νµ (middle) and
N − ντ (lower) mixing cases separately, where in each
case N only mixes with one SM neutrino flavor. A nom-
inal annihilation cross section 〈σv〉 = 3× 10−26 cm3 s−1
can achieve the capture-annihilation equilibrium for the
scattering cross sections σSI and σSD in these results. De-
tails on the photon and neutrino signal flux calculation
are discussed in Appendix A and B.
The contours for σSD in Fig. 4 show the spin-dependent
scattering cross sections ruled out at 90% C.L. by Fermi-
LAT, where the constraint is dominated by the highest
energy bin in the solar gamma ray data. Details of fitting
is discussed in Appendix A. Here we can make a compar-
ison with the direct detection limit: at each DM mass
and its direct detection constraint on scattering cross-
section, a mN mass can be obtained where Fermi-LAT
constrains to the same cross-section. Below this mN the
Fermi-LAT constraint is stronger than that from direct
detection (at the same DM mass). This is shown by the
boundary of the shaded regions, that non-shaded region
represents a better constraint on the σSD in comparison
to direct detection limits from PICO-60 [37]. For spin-
independent σSI, a similar comparison can be done with
LUX [6] results, as illustrated in Fig. 5.
We see that the 90% C.L. values in Figs. 4, 5 become
tighter when MN decreases for a given MDM. This is be-
cause of increased N lifetime τN , that results in a larger
fraction of RH neutrinos decaying outside the photo-
sphere. IncreasingMDM, while keepingMN constant, ini-
tially leads to stronger bounds as a larger Lorentz boost
γ = MDM/MN also leads to longer decay length for N .
However, contours reverse and quickly drop with further
increase in MDM. This is because (1) at very large DM
masses the peak flux in photons becomes too energetic
and moves above Fermi-LAT’s energy reach; (2) the solar
DM capture rate also drops at large DM mass. We note
that the tightest bounds are obtained in the case that
N mixes with ντ as the τ decay also yields abundant
energetic photons.
To constrain the neutrino signal, we use the 90% C.L.
IceCube bound in Ref. and compare the muon event
rates per volume per year for detection. The bound on
σSI , σSD assuming DM DM→ NN annihilation channel
can be obtained by scaling these scattering cross sections
so that they yield the same muon event rates as the chan-
nels given in Ref. [5]. We have scaled σSD and σSI to ob-
tain the same number of muons (plus antimuons) in our
case. Detail of the analysis is discussed in Appendix B.
The constraint contours for σSD (Fig. 6) and σSI (Fig. 7)
show the value of respective cross sections that are ruled
out at 90% C.L. according to IceCube’s sensitivity. As
we see in Fig. 6, IceCube does much better than direct
detection experiments in the case of σSD as PICO-60 lim-
its are much weaker. The situation is different for σSI,
see Fig. 7, where the shaded regions are already ruled out
by the LUX results [6].
Similar to the photon case, the 90% C.L. values in
Figs. 6, 7 get tighter as MN decreases for a given MDM
because it leads to a longer τN resulting in a larger frac-
tion of RH neutrinos decaying outside the 200,000 km
cut-off. However, the contours above and below the
dashed line (denoting the lifetime corresponding to a
characteristic radius of 200,000 km) behave differently
with increasing MDM when MN is kept constant. For
those above the line, a significant fraction of N decays
happen inside this radius. Therefore, the bound initially
gets weaker as a larger Lorentz boost in the energy of neu-
trinos results in more interactions with the solar medium
that suppresses the neutrino signal. This reverses for
larger values of MDM for which a larger fraction of RH
neutrinos decay outside the 200,000 km radius. The sit-
uation is opposite for the contours below the dashed line,
for which the majority N decays occur outside this ra-
dius. Increasing MDM initially results in more energetic
neutrinos, and hence a stronger neutrino signal at Ice-
Cube. Further increase in MDM, however, leads to a
smaller neutrino flux as a smaller number of DM parti-
cles are captured. As in Figs. 4, 5, the tightest bounds
arise in the case that N mainly mixes with ντ because
of additional neutrinos from τ decay. Interestingly, as
shown by the non-shaded region in Fig. 6, IceCube can
be more stringent than LUX in constraining σSI in this
mixing scenario.
We see in Figs. 4, 6 that the 90% C.L. values from the
neutrino signal on σSD are stronger than the direct de-
tection bounds in the entire parameter space considered
here. In the case of σSI, the photon signal sets tighter
8limits than direct detection experiments in a sizable re-
gion of the parameter space for DM masses up to ∼ 4000
GeV. The photon and neutrino signals combined together
do better than direct detection experiments in more than
half of the parameter space for the entire DM mass range
200− 5000 GeV in the case of N − ντ mixing. The con-
straints from the photon signal can be extended to even
higher DM masses by future data from gamma ray ob-
servatories like HAWC [38] and DAMPE [39], which can
detect photons with higher energies than those detectable
by Fermi-LAT.
V. CONCLUSIONS
In this paper, we have performed a study of indirect
detection signals from solar annihilation of DM into RH
neutrinos N with a mass MN ∼1-5 GeV. These RH neu-
trinos dominantly decay via off-shell W and Z due to
their small mixing with the LH neutrinos. For DM mass
MDM from 200 GeV to 5 TeV, and nominal value of mix-
ing expected in Type-I seesaw, the RH neutrinos can have
a lifetime τN ∼1-10 s and escape the Sun before decaying.
The delayed decays then give rise to a photon signal in
the direction of the Sun, as well a neutrino signal that is
not attenuated by absorption and scattering in the solar
medium.
The strongest signals are obtained in the case that RH
neutrinos produced from DM annihilation mainly mix
with ντ . Then, for MN > mτ , delayed decays of N
produce taus whose decay produces more photons (due
to their semileptonic decays) and neutrinos than muons
and electrons. We have used the Fermi-LAT and IceCube
limits on the photon and neutrino signals, respectively, in
the direction of the Sun to constrain the product of the
branching fraction of DM annihilation to RH neutrinos
and the DM-nucleon elastic scattering cross sections at
90% C.L.
The Fermi-LAT sets stringent bounds on both σSI and
σSD. It gives rise to significantly tighter limits on σSI
than the most stringent ones from direct detection exper-
iments [6, 7] for DM masses from ∼ 200 GeV up to 4 TeV.
The IceCube also sets limits on σSI that are stronger than
those in [6, 7] for DM masses above 4 TeV, in the case
that N mixes mainly with ντ . Both Fermi-LAT and Ice-
Cube set bounds on σSD that are much tighter than the
strongest limits from direct detection experiments [37].
The neutrino signal from delayed decays of light RH
neutrinos can probe the DM-nucleon elastic scattering
cross sections for DM masses up to several TeV. This is
much better than the usual scenario where neutrinos pro-
duced from solar DM annihilation are highly suppressed
because of absorption and scattering in the Sun. The
photon signal can also lead to stronger constraints at
larger values of MDM by using data from experiments
like HAWC and DAMPE that are sensitive to gamma
rays with higher energies than those detectable by Fermi-
LAT.
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Appendix A: Photon signal flux
The total rate of annihilation events in the Sun is
given [4] as,
Γann =
C
2
tanh2(t/τ). (A1)
where C is the capture rate of DM particles by the Sun.
Here τ denote a time scale the equilibrium is established.
C depends on the scattering cross sections σSI, σSD, and
is given in Ref. [4],
C =
 4.8× 10
28s−1 ρ0.3v¯270mχ0
∑
i Fifiφi
σSIi
mNi
S
(
mχ0
mNi
)
,
1.3× 1029s−1 ρ0.3v¯270mχ0 σ
SD
H S
(
mDM
mNi
)
,
(A2)
for spin-independent and spin-depend scattering contri-
butions respectively. The subscript index i sums over
the nuclear elements in the Sun. Here {Ni} denotes the
nucleus of ith element, not to be confused with the RH
neutrino. ρ0.3 is the local DM halo density in units of 0.3
GeV/cm3, and v¯270 is the average DM dispersion velocity
in units of 270 km/s. mNi denotes an element’s nucleus
mas in GeV. σi is the scattering cross section off the ith
element nucleus in pb. SI σi is enhanced by the number
of nucleons inside the nucleus and can be dominated by
contributions from heavy elements, if abundant. For SD
scattering, the only significant contribution in the Sun is
from the hydrogen element. fi, Fi and S are the mass
fraction, kinematic suppression and form-factor suppres-
sion [40] for nucleus Ni, respectively. φi describes the
distributions of the ith element. Further details and pa-
rameter values are available in Ref. [4].
We evaluate the DM annihilation rate with DarkSusy
package. For the scattering cross section in this study,
σ < 10−39cm2, a minimal annihilation cross section an-
nihilate at 〈vσ〉 = 10−26 cm3s−1 can saturate the equi-
librium condition [4],
tanh2
(
330
[
C
s−1
〈vσ〉
cm3s−1
( mDM
10 GeV
)0.75] 12)
≈ 1. (A3)
After annihilation, the RH neutrino N leaves the Sun
at a relativistic speed, and the N decay produces a signal
flux that is mostly along the radial direction due to the
high Lorentz boost. At a distance r from the center of
the Sun, the decay rate over a unit volume dV ≡ 4pir2dr
is
dN
dtdV
=
ΓN
4pir2γcτ
e−
r
γcτ (A4)
where c denote the speed of light, γcτ is the boosted RH
neutrino decay length. The flux towards the direction of
the Earth is then,
dφγ
dE
=
∫
d~r
ΓN
4pir2γcτ
e−
r
γcτ · 1
R2(~r)
dNγ(θ)
dEdΩ
(A5)
where R is the distance between the position ~r and the
Earth, and
dNγ(θ)
dEdΩ is the boosted prompt signal (in the
unit of number of particles per annihilation) in the di-
rection of the Earth, which is at an angle θ off the radial
direction.
The boosted photon and neutrino spectra are numer-
ically simulated with PYTHIA8 package. Due to the
large Lorentz boost, most of the signal intensity is orien-
tated along the radial direction. As a consequence, the
integration over the source position ~r only needs to take
account of a small cone towards the direction of the Sun.
We use a cone-size of Fermi-LAT’s 1.5◦ observation win-
dow, which is large enough to capture the photon flux
above the Fermi-LAT’s 200 MeV energy threshold and
the TeV DM scale mass in our analysis.
The photons that decay in the detectable energy range
were compared to the solar gamma ray data in Ref. [35].
With a null-signal assumption, a likelihood can be calcu-
lated as,
χ2 =
∑
i
(φthi − φobsi )2
δ2φi
≈ (φ
DM )2
δ2φ
∣∣∣∣
last bin
(A6)
where the δφ is the uncertainty in the observed gamma
ray flux in [35]. As is evident in Fig. 3, the very hard
shape in the signal photon spectrum lets the last bin
completely dominate χ2. It is thus desirable to exclude
the lower-energy bins in Fermi-LAT’s solar gamma ray
data, and only use that of the last bin in the constraint
of the photon signal rate.
First a background spectrum can be obtained by fitting
to Fermi-LAT’s data. Focusing on the power-law shape
in the relatively high energy part of the data, the best-fit
background flux is
E2
dφ
dE
= 10−4.45−0.25x MeV cm−2s−1,
where x ≡ log10
(
E
GeV
)
. (A7)
Due to the quickly falling power-law background spec-
trum, the low energy bins barely contribute to the fit of
DM signal significance. To maximize the strength of con-
straint, only the last bin is used to fit the signal, and the
90% confidence level corresponds to
S +B − Fermi
δφ
= 1.64, (A8)
in the highest energy bin. B = 12×10−6 MeV cm−2 s−1
is the background from the fit in Eq. A7, and
the measured E2-flux is 17 × 10−6 MeV cm−2 s−1.
The corresponding 1σ uncertainty is δφ = 3.4 ×
10−6 MeV cm−2 s−1. Note that the best-fit background
is slightly lower than the measured data that makes the
constraint more conservative than using the measured
flux directly as the background. However, due to the
very visible fluctuations in the high energy bins of Fermi-
LAT’s data, flux measurement variation of the orderO(1)
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can be expected, which can be improved by enhanced
statistics in future data and/or calibration with other
experiments at high photon energies.
Appendix B: neutrino signal flux
For the neutrino signal, we focus on the delayed N de-
cay outside the Sun and ignore attenuation effects inside
the Sun. For interested readers, neutrino propagation
effects and IceCube signal simulations are discussed in
detail in Ref. [41].
The neutrino source intensity calculation is similar to
that of the photon signal, as is given in Eq. A5. However,
due to neutrino oscillations, the relative strength of flux
between different neutrino flavors changes over the dis-
tance neutrinos propagate through vacuum. For coherent
oscillation, the final flavor composition after propagation
over a distance L is given by
|νi(L)〉 =
∑
j
(
e−iHˆL/c
)
ij
|νj(0)〉 (B1)
≡
∑
j
Mij |νj(0)〉 (B2)
whereM describes the rotation in flavor and the vacuum
oscillation Hamiltonian is
H =
1
Eν
Vdiag(0, δm221, δm
2
31)V
† (B3)
and we take the latest neutrino mass-square differences
δm2ij and mixing parameters in the rotation matrix V
from Ref. [36]. Eq. A5 can be rewritten as,
dφνi
dE
=
∫
d~r
ΓN
4pir2γcτ
e−
r
γcτ · 1
R2(~r)
∑
j
|M(R)ij |2
dNνj (θ)
dEdΩ
(B4)
At energies above few hundred GeV, vacuum oscilla-
tion length due to the solar mass splitting becomes com-
parable to the distance variation between the Sun and
the Earth, which is due to the Earth orbit’s eccentricity.
As the result, oscillatory patterns in the high energy part
of the neutrino spectra are still visible as shown in Fig. 3,
after the distance average.
IceCube constraints solar DM signals by measuring up-
going muon-track events in the direction of the Sun. For
discussions of muon event rates and atmospheric back-
ground calculations, see Ref. [41] and references wherein.
A full analysis would require updated knowledge of en-
ergy and angular variation (towards the Sun) in the de-
tector fiducial volume. For this analysis, we utilize Ice-
Cube’s published constraint and adopt a simplified ap-
proach, that we place the limit on the RH neutrino in-
duced signal strength by comparing the number of inte-
grated muon track events to those from DM annihilation
channels into τ± and W± final states, or
σ = στ±
Nµ
Nτ±µ
. (B5)
where the current bound on στ± is given in Ref. [5].
The muon rate from N decay is calculated from the
muon neutrino flux with the GENIE [42] package. For
various DM masses MDM , muon event number is in-
tegrated starting from an optimized threshold energy,
above which the signal strength is large enough to
give statistic significance against the atmospheric back-
ground. For a few DM masses MDM= {200, 500, 1000,
2000, 5000} GeV, the respective threshold energy for con-
tained muons are {75, 100, 150, 175, 200} GeV. These
energy thresholds depend on the shape of the signal spec-
trum and can vary for different annihilation final states.
The muon event rate for DM + DM→ NN is then com-
pared to that from a DM + DM → τ+τ−. We then
fold the ratio of the muon events for these final states
into Eq. B5 to derive the corresponding constraint on the
DM-nucleon elastic scattering cross section in the case of
DM annihilation into N . Admittedly, this is approxima-
tion to a fully experimentally-simulated τ+τ− channel’s
muon event rate in the direction of the Sun, yet we argue
that the muon event rate ratio(s) between different signal
channels are not sensitive to the details of experimental
setup for high (TeV) neutrino energy much above Ice-
Cube’s measurement threshold that is less than 70 GeV.
We used WimpSim [43] for the neutrino fluxes in τ± and
W± channels.
